Intersubband (ISB) transitions in wide-conduction-band-offset GaN/AlGaN quantum wells are promising for all-optical switching applications in fibre-optic networking, due to their ultrafast relaxation times and great design flexibility. Here we describe a novel approach to cross-absorption modulation with these materials, in which optical control pulses are used to produce a large Stark shift of the intersubband absorption spectrum through a redistribution of electrons in coupled quantum wells. This mechanism is strongly enhanced by the intrinsic polarization fields of nitride heterostructures. A numerical model based on the self-consistent time-domain solution of the Schrödinger, Poisson and carrier-density rate equations has been developed to design coupled quantum wells optimized for this application. Simulations indicate that in these structures the saturation intensity is over 30 times smaller compared to the case of cross-absorption modulation in uncoupled GaN/AlGaN quantum wells.
Introduction
Intersubband (ISB) transitions in semiconductor quantum wells (QWs) have been the subject of extensive research for the past two decades, and are nowadays used in a variety of devices such as quantum well infrared photodetectors and quantum cascade lasers [1] . These devices have been primarily developed with GaAs/AlGaAs or InGaAs/InAlAs QWs, whose relatively small conduction-band offsets limit the ISB transition wavelength to the mid-and far-infrared spectral regions. More recently however near-infrared ISB transitions have also been measured in wide-conductionband-offset heterostructures such as GaN/AlGaN [2] [3] [4] [5] [6] [7] [8] [9] [10] and InGaAs/AlAsSb [11] QWs, at wavelengths in the lowloss transmission window of optical fibres. This opens up the possibility of utilizing the unique features of ISB transitions for information processing applications in fibreoptic communications.
In particular, due to their ultrafast relaxation times and giant optical nonlinearities, ISB transitions are ideally well suited to nonlinear optical switching at bit rates of several hundred Gb s -1 [10] [11] [12] . Broadly speaking, an alloptical switch is a device that allows modulation of an optical signal by means of an optical control wave, e.g. through cross-absorption modulation as illustrated in figure 1. In this example, strong control pulses of wavelength λ c are used to temporarily saturate the absorption experienced in the waveguide by an input signal of wavelength λ s , thereby increasing its transmission. These devices are expected to play an enabling role in the development of future ultrabroadband all-optical networks, in which information is not only transmitted but also processed in the optical domain, as required to meet future demands on network capacity and functionality [13, 14] . Several semiconductor all-optical switches have already been demonstrated based on interband transitions [15, 16] ; however their practical use is limited to a few tens of Gb s -1 due to the relatively slow interband recombination lifetimes (several hundred picoseconds).
A particularly promising material system for the development of ultrafast ISB all-optical switches at communication wavelengths is that of GaN/Al(Ga)N QWs, whose conduction-band offsets can be as large as ∼2 eV. Very fast relaxation times τ in the range 140-500 fs have been observed in these materials [5, 7, 10] , associated with the particularly strong electron-LO phonon interaction in highly polar nitride semiconductors. At the same time, however, a large absorption saturation intensity I sat in the order of W µm −2 has also been measured [5] , due to the relatively broad ISB absorption linewidths E (∼100 meV) and particularly fast relaxation times of nitride QWs. As a result, in a waveguide with modal area of order 1 µm 2 , relatively large control peak powers of at least a few watts are required to modulate properly the absorption. A possible technique to reduce I sat consists of intentionally increasing the absorption relaxation time to the largest value suitable for a given bit rate, e.g. using coupled QWs [17] as discussed in the case of nitride heterostructures in a recent theoretical publication [12] .
In this paper we present a novel approach to alloptical switching with GaN/AlGaN coupled QWs which allows for a more favourable compromise between switching intensity and recovery time, based on Coulomb-induced optical nonlinearities. In this approach the control pulses are used to produce a large Stark shift of the ISB absorption spectrum through a redistribution of the electrons in the QWs. This can cause a further decrease-or even an increasein signal absorption depending on the relative position of the signal wavelength with respect to the ISB absorption peak. Similar Coulomb effects have been previously studied in arsenic-based mid-infrared ISB systems under steadystate excitation, for the realization of hybrid optoelectronic switches and bistable devices [18, 19] . However, their use in GaN/AlGaN QWs excited by ultrafast near-infrared pulses is particularly compelling due to the aforementioned applications of all-optical switching at fibre-optic wavelengths. In addition, these Coulomb effects are ideally well suited to nitride heterostructures, because the intrinsic polarization-induced electric fields of these materials can strongly enhance the Stark effect by allowing a linear contribution [20] .
To demonstrate the potential of this approach, we have developed a simulation code that self-consistently solves in the time domain the envelope-function Schrödinger equation, the Poisson equation including the effect of spontaneous and piezoelectric polarizations and the rate equations for the subband carrier densities in the presence of an arbitrary control-pulse excitation. We have then used this code to design an optimized GaN/AlGaN coupled QW structure for all-optical switching in the 1.55 µm wavelength region, based on the proposed technique. Numerical simulations predict that a large reduction in the saturation intensity can be obtained with this structure, by over a factor of 30 relative to a typical GaN/AlN uncoupled QW system. Correspondingly, the absorption recovery lifetime is about 2 ps, fast enough for operation at a few hundred Gb s -1 . In addition, the same design can be used to demonstrate all-optical switching with inversion, i.e. a decrease in signal transmission induced by the control pulses, as required for the implementation of all-optical digital logic gates.
Nonlinear medium design
The optimized structure, shown in figure 2(a), consists of 26Å and 10Å GaN wells coupled by a 17Å Al 0.4 Ga 0.6 N centre barrier and separated by 90Å AlN outer barriers, with a Si doping density of 4 × 10 19 cm −3 in all the barriers. Incidentally, such relatively large doping concentrations of a few 10 19 cm −3 , which are favourable to enhance Coulombinduced effects, are routinely used in near-infrared ISB systems based on nitride semiconductors [2] [3] [4] [5] [6] [7] [8] [9] [10] . In addition, despite the well-known difficulties in doping bulk AlN, effective donor ionization is obtained in the barriers of GaN/AlN QWs [7, 8] . By design, in this structure the |1 -|3 transition energyhω 31 (812 meV, or 1527 nm) lies within the wavelength range of fibre-optic communications. Furthermore, the ISB nonradiative scattering lifetimes satisfy the relation τ 32 (0.11 ps) < τ 31 (0.21 ps) τ 21 (1.82 ps), where, e.g., τ 32 is the relaxation time from subband |3 to |2 . The simulation method used to compute these parameters is described in detail in the next section.
In equilibrium, all the electrons provided by the ionized Si donors reside in the ground-state subband |1 , localized in the well on the right-hand side. The resulting conductionband diagram is shown in figure 2(a), together with the wavefunctions squared of the lowest three bound states referenced to their respective energy levels. In the presence of strong control pulses of photon energy nearhω 31 , some of the electrons in |1 are optically excited into the upper subband |3 , from which they will then preferentially decay into the intermediate subband |2 given that τ 32 < τ 31 . This temporary transfer of electrons from |1 to |2 is accompanied by an increase in the electronic potential energy in the well on the left (where subband |2 is primarily localized) relative to the well on the right, leading to a blue Stark shift of the |1 -|2 and |1 -|3 ISB absorption peaks. The absorption coefficient experienced by the signal is correspondingly modified, e.g. similar to the case of electroabsorption modulators. As an illustration, figure 2(b) shows the conduction-band diagram and bound states of the structure of figure 2(a) in the presence of a control wave of intensity 0.35 W µm −2 , computed with the simulation code described below; a large blue shift of 71 meV is obtained in this case for the |1 -|3 transition energy. We emphasize that this shift is enhanced by the large built-in electric fields of nitride heterostructures, which cause a triangular QW potential energy profile in which even the linear Stark effect gives a strong contribution [20] . From a design point of view, it is therefore convenient to use structures where the energies of both excited states |2 and |3 lie within the triangular region of the potential energy of the well on the left. Similarly, to maximize the blue shift of the |1 -|3 transition, the envelope function of |3 should be delocalized over both wells and have a relatively large spatial extent.
The simulation method
The coupled QW structure of figure 2(a) was designed using a self-consistent Poisson and Schrödinger equations solver, which calculates the QW potential energy profile and corresponding energy levels and envelope functions within the effective mass approximation. All the material parameters of nitride semiconductors used in this work are taken from [21] . The results of these calculations are also used to compute the ISB dipole moments and relaxation times. The latter are dominated by electron-LO phonon scattering processes, whose rates are determined using the Fermi golden rule as described in [22] . Incidentally, as suggested by a recent pumpprobe measurement [23] , due to the very strong electronphonon coupling in III-nitrides the golden rule cannot provide a full description of the ultrafast dynamics of ISB excitations in these QWs; however, its predictions for the ISB population decay rates are in sufficiently good agreement with measured values [5, 7, 10 ] to justify its use in the present context.
A key ingredient of this design code is the inclusion of the characteristic built-in electric fields of GaN/AlGaN heterostructures.
These are due to the presence of strong spontaneous and piezoelectric polarizations in nitride semiconductors, whose discontinuities at each heterojunction lead to large densities of interface charge [24, 25] . The electric fields produced by these sheet charge distributions can be computed using simple electrostatic arguments (i.e. by requiring conservation of the electric displacement flux across each interface) together with an appropriate set of boundary conditions. The Schrödinger-Poisson solver used in this work employs periodic boundary conditions, for which the intrinsic voltage drop across the QW structure of interest is zero. This is appropriate for samples consisting of several repetitions of the same QW structure, and leads to the following expression for the field in each epitaxial layer [26, 27] :
where the subscripts j and k refer to the layer number, L denotes the layer thickness, ε is the permittivity, F is the built-in electric field and P is the total (spontaneous plus piezoelectric) polarization which depends on the layer alloy composition and elastic strain [24, 25] . Incidentally, equation (1) suggests using thick outer barriers in the structure of figure 2, since according to this equation the thicker the barriers the larger the intrinsic electric fields in the wells, which is desirable for the present application to enhance the Stark effect. Cross-absorption modulation in the proposed structure can be studied using the following rate equations, obtained by extending a standard model of nonlinear optics in the two-level approximation [28] to the present three-level system:
Here E c (t) = Re{A c (t)exp(−iω c t)} is the electric field of the control wave, assumed nearly resonant with the |1 -|3 ISB transition (i.e. ω c ≈ ω 31 ), P 31 is the induced polarization density associated with this transition and N 1 , N 2 and N 3 are the electron densities of the three subbands. QW parameters appearing in these equations include the centre frequency ω 31 and dipole moment µ 31 of the |1 -|3 transition, and the relaxation times τ 32 , τ 31 and τ 21 , all of which are obtained from the Schrödinger-Poisson solver. In addition, the full width at half maximum (FWHM)hγ 31 of the |1 -|3 transition is taken to be 100 meV, which is a typical value for near-infrared ISB absorption spectra in GaN/AlGaN QWs even though spectral widths as small as 60 meV have also been measured [3, 8] . In writing equations (2a)-(2d) we have also assumed that the signal wave is sufficiently weak that its effect on the subband populations can be neglected. Finally, the absorption coefficient is computed from the following expression [28] :
where n is the refractive index, and by assumption γ 21 = γ 31 .
In the proposed all-optical switching technique, the control pulses induce a time variation of this absorption coefficient by modifying not only the carrier densities but also the transition energies and dipole moments. To properly model these effects, we have combined our Poisson-Schrödinger and rate-equation solvers in a self-consistent fashion. A schematic block diagram of the computational flow is illustrated in figure 3 . The rate equations are solved in the time domain using a finite-difference method. At each time step, the instantaneous subband populations computed from these equations are used in the Poisson-Schrödinger solver to calculate energy levels, dipole moments and relaxation lifetimes at that time; these parameters are then fed back into the rate equations to find the carrier densities at the next time step, and so forth. The time evolution of the ISB absorption coefficient is finally determined from equation (3), in which the variables N 1 , N 2 , N 3 , ω 21 , ω 31 , µ 21 and µ 31 are all functions of time.
Simulation results
In order to quantify the reduction in switching intensity allowed by the proposed structure, we first consider a reference design consisting of uncoupled 18Å GaN wells separated 21 is 803 meV (1544 nm); the absorption FWHM is again assumed to be 100 meV. Crossabsorption modulation in this reference structure is described in figure 4 , for the case of a Gaussian control pulse of carrier frequency ω c = ω 21 , temporal width 1 ps and peak intensity 3.92 W µm ; the envelope A c (t) of this pulse is shown by the dotted curve in the figure. The same computational procedure described in the previous section was used for this simulation, although in uncoupled QWs Coulomb effects are negligible. As shown by the solid curve in figure 4 , the ISB absorption coefficient (here evaluated at 800 meV, or 1550 nm) is saturated by this control pulse down to half its initial value and then recovers on a sub-picosecond time scale. The peak intensity of this pulse, 3.92 W µm −2 , can therefore be taken as a measure of the saturation intensity of this structure. This value is consistent with previously published calculations [4] and measurements [5] with uncoupled GaN/AlN QWs.
In the structure of figure 2, cross-absorption modulation involves not only a carrier depletion in the lower subband |1 , but also a blue shift of the entire absorption spectrum through the Coulomb effects described in section 2. If the signal wavelength λ s is on the red side of the equilibrium |1 -|3 transition wavelength, and sufficiently removed from the |1 -|2 resonance, the latter mechanism strongly contributes to lower the signal absorption, by an amount that depends on λ s . As a result, the effective saturation intensity is reduced. To illustrate, we have again calculated the peak control intensity required to temporarily lower the signal absorption coefficient α(λ s ) down to half its initial value, as a function of λ s . As before, in these simulations we use a 1 ps Gaussian control pulse with carrier frequency chosen for maximum absorption (ω c = ω 31 in this case). The results are shown in the inset of figure 5 . Low values of the saturation intensity are clearly obtained over a wide wavelength range on the red side ofhω 31 , with a minimum at 783 meV (1584 nm) of 130 mW µm −2 . This is over 30 times smaller than the saturation intensity of the uncoupled QW system of figure 4. The solid curve in figure 5 is the signal absorption coefficient of the proposed structure versus time, computed at this 'optimal' wavelength of 1584 nm figure 5 ; the low-energy and high-energy peaks in each spectrum are due to the |1 -|2 and |1 -|3 ISB transitions, respectively. (b) Corresponding time evolution of the |1 -|3 transition energy (dotted curve) and of the peak value of the absorption coefficient (solid curve).
for a peak control intensity of 130 mW µm −2 (i.e. the saturation intensity at this wavelength). The 1/e absorption recovery time here is about 2.2 ps, primarily limited by the |2 -|1 relaxation time τ 21 of 1.8 ps, and fast enough for operation at a few hundred Gb s -1 . To investigate the role played by the Coulomb-induced Stark shift in the observed saturation intensity reduction, in figure 6 (a) we plot several transient absorption spectra at different times before, during and after the passing of the control pulse (taken to be the same as in figure 5) . A large temporary blue shift of the absorption spectrum is observed, Figure 7 . Calculated time evolution of the signal absorption coefficient (solid curve) in the presence of the ultrafast control pulse shown by the dotted curve, in a coupled QW structure similar to that of figure 2. The signal wavelength in this case is on the blue side of the equilibrium |1 -|3 ISB transition energy, leading to an increase in signal absorption induced by the control pulse.
accompanied by only a modest reduction in its peak value. In fact, as shown by the solid curve of figure 6(b), the peak absorption coefficient is decreased by only 4% in this case. Correspondingly, as shown by the dotted curve of figure 6(b), the |1 -|3 transition energyhω 31 undergoes a blue shift of up to 33 meV (about one-third of the absorption FWHM); this is large enough to account for most of the 50% absorption saturation at 1584 nm displayed in figure 5 . Similar calculations show that the control intensity required to lower the peak absorption coefficient by a factor of 2 is 770 mW µm −2 , about six times larger than the value of 130 mW µm −2 used in the simulations of figures 5 and 6. The same approach can also be used to demonstrate ultrafast all-optical switching with inversion, which is a basic functionality needed to perform simple logic operations in the optical domain. This requires using a signal wavelength λ s on the blue side of the |1 -|3 resonance, so that the optically induced Stark shift leads to an increase in α(λ s ). An illustration is shown in figure 7 , where the signal absorption coefficient (solid curve) is temporarily doubled in the presence of a 1 ps Gaussian control pulse of peak intensity as small as 105 mW µm −2 (dotted curve). For these simulations we used a variation of the coupled QWs of figure 2, slightly modified so that in equilibrium the |1 -|3 transition energy (762 meV, or 1627 nm) is on the red side of 1550 nm: in this new structure, the thicknesses of the left GaN well and of the intermediate Al 0.4 Ga 0.6 N barrier are 28 and 20Å, respectively, while everything else is the same as in figure 2 . The absorption coefficient plotted in figure 7 is computed at 837 meV (1482 nm), chosen for maximum absorption modulation; however, as in figure 5 the effective saturation intensity remains low over a wide wavelength range. The 1/e recovery time in this case is 1.5 ps, again sufficiently fast for bit rates of a few hundred Gb s -1 .
Conclusions
In conclusion, we have proposed a novel technique for all-optical switching based on Coulomb-induced optical nonlinearities in GaN/AlGaN coupled QWs, and we have presented a detailed theoretical model to evaluate its performance. As a measure of the switching intensity, we have computed the peak control intensity required to reduce (or increase) the signal absorption coefficient by a factor of 2: values in the range of 100-200 mW µm −2 were obtained, versus 3.9 W µm −2 for cross-absorption saturation in typical uncoupled QWs. At the same time, the proposed structure still displays an ultrafast absorption recovery time of around 2 ps. Compared with the approach of [12] (which also employs coupled QWs but without Coulomb effects), this technique leads to a larger cross-absorption modulation for the same control intensity and relaxation time, due to the large contribution of the optically induced Stark shift. Finally we point out that in practice the switching intensity, extinction ratio and on-state losses depend not only on the saturation properties of the nonlinear medium, but also on the details of the waveguide such as confinement factor, length and propagation losses, whose optimization can be tackled separately.
